Abstract Soft X-ray imagers can be used to study the mesoscale and macroscale density structures that occur whenever and wherever the solar wind encounters neutral atoms at comets, the Moon, and both magnetized and unmagnetized planets. Charge exchange between high charge state solar wind ions and exospheric neutrals results in the isotropic emission of soft X-ray photons with energies from 0.1 to 2.0 keV. At Earth, this process occurs primarily within the magnetosheath and cusps. Through providing a global view, wide field-of-view imaging can determine the significance of the various proposed solar wind-magnetosphere interaction mechanisms by evaluating their global extent and occurrence patterns. A summary of wide field-of-view (several to tens of degrees) soft X-ray imaging is provided including slumped micropore microchannel reflectors, simulated images, and recent flight results.
Introduction
Microscale processes in magnetospheric and planetary systems often have global consequences. To fully understand these processes, one must observe them over a range of scale sizes. In solar wind-magnetosphere coupling, one example of this, and currently of great interest to the community, is the role of magnetic reconnection. Reconnection can be initiated in the electron diffusion region spanning~10 km at the magnetopause. This microscale process changes magnetic topology, facilitating large-scale magnetospheric and ionospheric convection. It can also change the magnetopause shape and position over scales up to tens of Earth radii in the terrestrial system. In situ point measurements provide detailed information regarding the microscale structure and physics of processes such as reconnection, but they are inherently limited in describing large-scale coupling. As such, development of techniques and instrumentation that will allow for global measurements of the dynamic system is necessary to understand and model these systems. The following paper reviews recent work in modeling development and imaging technology advancement for soft X-rays.
The measurement of soft X-rays from solar wind charge exchange is one technique that can provide global measurements of solar wind-magnetosphere and solar wind-planetary interactions. Anywhere an ion encounters a neutral atom charge exchange can occur. Within the heliosphere, flowing plasma in the solar wind routinely encounters environments of dense neutrals surrounding comets, moons, and planets. In these regions, high charge state heavy ions from the solar wind charge exchange with neutrals from the body's exosphere. One sample interaction is given in equation (1) 
where the asterisk denotes that O +6* is in an excited state. In this interaction an electron is transferred from the neutral hydrogen to the high charge state ion in an excited state. The newly acquired electron rapidly transitions to a lower energy state, releasing a soft X-ray photon. Soft X-ray emissions have been observed from a variety of charge states and ions in the solar wind (e.g., C VI, O VII, O VIII, Ne IX, Mg XI, Si XIII, and Si XIV [Snowden et al., 2004; Fujimoto et al., 2007; Carter and Sembay, 2008; Carter et al., 2010; Ezoe et al., 2010] ). The primary energy range of interest for these interactions is 0.1-2.0 keV. Although interesting and valuable information can be obtained from the relative abundances of the individual emission lines, for the study of magnetospheric processes, the total emission can be integrated over these lines to probe plasma density.
Observationally, soft X-rays from solar wind charge exchange (sometimes referred to as SWCX in the literature) have been measured from a number of solar system bodies. The process was first invoked to describe the soft X-ray emission observed from solar wind interaction with a comet [Lisse et al., 1996; Cravens, 1997] . Similar emissions have now been observed around a number of planetary bodies such as Mars, Venus, the Moon, and Earth [e.g., Dennerl et al., 2002; Dennerl, 2002; Snowden et al., 2004; Wargelin et al., 2004; Collier et al., 2014; Wargelin et al., 2014] .
Soft X-ray intensities vary with solar wind flux. Since X-rays are generated when heavy solar wind ions charge exchange with neutral atoms, increasing the amount of one (or both) of the colliding species should increase the amount of charge exchange and therefore increase the photon emission. Long-term measurements of soft X-ray emission from the Earth's magnetosheath made as part of the ROSAT All Sky Survey (RASS) [Snowden et al., 1997] have been used to monitor this trend. The ROSAT X-ray observatory was launched in 1990 with the goal of studying X-ray sources including the soft X-ray background. In low-Earth orbit, the line of sight observations from ROSAT looked through the Earth's magnetosheath and monitored soft X-rays from local charge exchange as a foreground for the desired science targets. Long-term monitoring always found some level of foreground and demonstrated that this soft X-ray foreground correlated well with the solar wind flux (n p v) [Freyberg, 1998; Cravens et al., 2001] , confirming the charge exchange source.
Spatially, the highest fluxes of soft X-rays surrounding the Earth are emitted from regions with dense plasma of solar wind origin such as the dayside magnetosheath and the cusps. The European Space Agency's XMMNewton spacecraft carried the high-sensitivity, narrow field of view (30 arc min) EPIC X-ray camera. The spacecraft was launched into an orbit with an apogee of 17.9 R E , and observations were confined to directions close to perpendicular to the Earth-Sun line, allowing some lines of sight through the dayside magnetosheath. A statistical study of XMM-Newton observations from 0.5 to 0.7 keV found the majority of solar wind charge exchange detections to occur when the spacecraft viewed through the dayside magnetosheath [Carter et al., 2011] . Dedicated XMM-Newton observations pointed through the dayside magnetosheath also identified signatures of solar wind charge exchange with the Earth's hydrogen exosphere [Snowden et al., 2004] .
The magnetic topology of the magnetospheric cusps allows solar wind plasma to enter deep into the magnetosphere where the exospheric density is high [Kremser et al., 1995; Perry et al., 2000; Walsh et al., 2016] . Fujimoto et al. [2007] monitored emissions along a line of sight passing through the northern cusp from the low-altitude Suzaku spacecraft and attributed enhancements to a significant charge exchange in the cusp.
Although measurements of soft X-rays have been made from a variety of solar system bodies, all of the observations have come from narrow field of view instruments. In order to develop a global understanding of magnetospheric and planetary systems using this technique, wide field-of-view measurements are needed. In the following sections a description is provided of modeling and instrumentation for the study of solar wind-magnetosphere interactions with soft X-rays.
An additional product that can be generated from charge exchange is an energetic neutral atom (ENA). In this interaction, an energetic ion charge exchanges with a neutral exospheric particle. The resulting energetic neutral is not bound by the local magnetic field and will travel away from the location of the interaction. Measurements of charge exchange from magnetosheath plasma have been made in the subsolar magnetosheath Fuselier et al., 2010] as well as cusps [Taguchi et al., 2005; Petrinec et al., 2011] . These imaging techniques are complementary; however, one difference between them is the time-of-flight effect. X-rays travel at the speed of light while ENAs will travel with a finite velocity. If the energy of the solar wind particle is constant, an observer can remove the known time lag of an ENA to understand when an interaction occurred. Since the energy of a solar wind ENA will be a function of the plasma thermal velocity as well as bulk velocity, large changes in solar wind velocity will launch fronts of ENA with varying energy and therefore varying delays. These fronts can pass each other while propagating and can create ambiguity in interpreting time variability of the results.
Modeled X-Ray Imaging
To demonstrate the application of soft X-ray imaging for studying solar wind-magnetosphere interactions, a framework for modeling the emission is first shown here. The soft X-ray emission due to solar wind charge
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exchange can be calculated for the environment surrounding the Earth with a model for neutral hydrogen density and plasma density and velocity. A full derivation of the emissions and background for a nearEarth observer is described in Kuntz et al. [2015] and is summarized here. The signal for a single emission line is given by the integral along the line of sight of:
where n n is the density of neutral targets, n sw is the solar wind proton density, v rel is the relative velocity of the neutrals and the ions, hσi is the velocity-weighted interaction cross section, f is the ratio of the density of the ion producing the line to the proton density, and b is the fraction of interactions that produce a photon in the line of interest. The relative velocity of the ions and the neutrals is given by
where v therm = 3 k b T/m p for the solar wind. It is assumed that the ion thermal speed does not change significantly with mass. This is confirmed with observations of solar wind data over a full solar cycle from the Ulysses spacecraft [von Steiger and Zurbuchen, 2006] as well as from a year of measurements at L1 from WIND [Collier et al., 1996] .
The integrated line of sight emission described in (2) can be expanded to include many emission lines and rewritten as
where
is the production factor. The ζ sums over each species and emission line in the energy band of interest. These functions can be simplified as
The parameters Q and ζ now separate values that can be extracted from an MHD and exosphere model (Q) from those that are based on atomic physics such as the collisional cross sections and branch ratios for multiple species (ζ ). The value for ζ over the ¼ keV soft X-ray band is determined experimentally through measurements from the ROSAT spacecraft (see Kuntz et al. [2015] for details). It will be noted that this construction has a limited application as ζ is actually a function of velocity and, for any single species, the cross section may be quite sensitive to the velocity. However, given a broadband pass populated by many species, many of whose cross sections are not currently known, our construction is an adequate expression.
An observer viewing the Earth's magnetosphere will detect local charge exchange emissions from the magnetosheath and cusps and also emission from several background sources. These additional sources include the galactic soft X-ray background and heliospheric charge exchange emission. The galactic sources, including diffuse emission as well as point sources, have been well characterized by the ROSAT All Sky Survey [Kuntz and Snowden, 2000; Voges et al., 1999] . Although these components are spatially variable, the distribution and intensity are well known and relatively constant in time, so they can be subtracted off from a magnetospheric emission that varies on short time scales (~minutes).
The heliospheric component is produced by the interaction of the solar wind with the neutral material that flows through the solar system. The contribution was predicted by Cravens et al.
[2001] using a simple model for radial solar wind propagation without solar rotation to simulate time-dependent variations in heliospheric and geocoronal charge exchange emission. The study found that emissions from the geocorona dominate on time scales ranging from a few hours to a few days. By contrast, emissions from solar wind interactions with interstellar helium within the heliosphere vary on time scales of several days. Due to the long path length
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through the heliosphere, small-scale spatial variations are smoothed out. Kuntz et al. [2015] employed more sophisticated models for heliospheric plasma [Odstrcil, 2003] and neutral [Koutroumpa et al., 2006] densities to reach similar conclusions. For the purpose of magnetospheric imaging, the disparate time scales of the variations allow for the heliospheric contribution to be subtracted off.
A Global Magnetospheric View in X-Rays
The framework outlined above can now be utilized to model wide field-ofview soft X-ray images of the magnetosphere. To obtain values of the charge exchange target densities (variable Q from above), an established model of the exosphere [Hodges, 1994] is used with the global BATSRUS MHD model [Powell et al., 1999; Tóth et al., 2005 Tóth et al., , 2012 . In order to obtain observable counts from the model, one must specify an instrumental response. The wide field-of-view STORM (Sheath Transport Observer for the Redistribution of Mass) imager [Collier et al., 2015] is selected as the sample instrument for the calculations conducted here. The STORM energy range is 0.1-2 keV. Further description of the instrument is provided in section 4.
Composing a Soft X-Ray Image
To compose the components of the soft X-ray image, consider an observer located at GSE (X, Y, Z) = (10, 30, 0) R E . Figure 1 presents the contributions from different components as well as the final recoverable image. First, the magnetospheric contribution is calculated using plasma values from BATSRUS and neutral densities from the Hodges model ( Figure 1a) . Next, components from the galactic background (Figure 1b ) and the Earth (Figure 1c ) are added to create Figure 1d . Poisson noise is added (Figure 1e ), then the known backgrounds are subtracted off to obtain Figure 1f . This produces what an observer would be able to image along a line of sight from the given vantage point. The pixel size used is 0.25°× 0.25°.
Global Imaging of a Geomagnetic Storm
During periods of dynamic solar wind driving, the magnetospheric system reacts in a number of modes including changing shape and position of its boundaries. Soft X-ray images have been simulated for the Bastille Day storm on 15 July 2000 to show the ability to monitor this dynamic behavior. During the event, the solar wind provided dynamic interplanetary magnetic field (IMF) variation as well as plasma fluxes that ranged from nominal to very high. These varying conditions allow one to see the anticipated soft X-ray fluxes for a wide range of different solar wind drivers. This geomagnetic storm has also been the focus of a number of previous studies [e.g., Brandt et al., 2001; Raeder et al., 2001; Meier et al., 2002] . [Ogilvie et al., 1995] and magnetic field experiment [Lepping et al., 1995] on the WIND spacecraft, while the soft X-ray images are modeled with the technique described above 
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for an observer at GSE (X, Y, Z) = (10, 30, 0) R E . The storm is initiated by an interplanetary coronal mass ejection contacting the magnetosphere at 14:35 UT. Before the structure hits the magnetosphere, the solar wind dynamic pressure was nominal with P ≈ 3.5 nPa and a relatively steady B z ≈ À5 nT. Figure 2e presents a soft X-ray image from 13:02 UT during nominal conditions. The position of the northern cusp and much of the magnetopause and bow shock position can be identified in the image. The dipole tilt of the magnetosphere causes the Northern Hemisphere to point at the Sun. This allows more solar wind plasma to enter the northern cusp [Zhou et al., 1999] and consequently produces a north-south asymmetry in the soft X-ray emissions. Near 14:35 UT the dynamic pressure and magnitude of the IMF increased significantly. Throughout the rest of the time period plotted, the IMF is large in magnitude and variable in direction. The solar wind density is also highly variable, ranging from 1-2 cm À3 to 40 cm
À3
. The second X-ray image from 17:32 UT (Figure 2f ) shows greater intensity as well as a compressed magnetopause. Virtually, the entire dayside bow shock position and shape can also be seen in the soft X-ray image. Increasing the density and dynamic pressure increases the soft X-ray emission for two reasons: first, increasing the dynamic pressure results in more solar wind ions traveling through the system, increasing one of the ingredients for charge exchange; second, compressing the magnetopause means the solar wind ions in the magnetosheath and cusp will penetrate deeper into the exosphere where the neutral density is larger.
In addition to variations in position and shape due to changes in the density and dynamic pressure, the magnetopause and cusp move in response to the efficiency and competition of magnetopause and magnetotail reconnection. As the efficiency of reconnection at the magnetopause increases, the dayside boundary moves inward toward the Earth, often called magnetopause erosion. This motion corresponds to an increasing Region 1 Birkeland current, and many magnetopause models have attempted to include this effect [Roelof and Sibeck, 1993; Petrinec and Russell, 1993; Shue et al., 1998; Chao et al., 2002] . By contrast, processes such as substorm onset or a northward IMF turning have been suggested to add magnetic flux to the dayside 
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magnetosphere [Song and Russell, 1992] . These processes move the dayside magnetopause outward; however, the time scales of response have yet to be fully defined. Monitoring successive images could be used to understand this process of magnetospheric reconfiguration.
The third X-ray image in Figure 2g presents the magnetosphere after a moderate southward turning of the IMF. The magnetosphere has responded through an equatorward displacement of the northern cusp. A series of images during the magnetic field rotation could be used to determine the temporal nature of reconnection at the magnetopause. Is the cusp motion steady as would be anticipated from continuous reconnection [e.g., Frey et al., 2003] or do the cusp and magnetopause move in abrupt jumps that may accompany bursts of reconnection [e.g., Smith and Lockwood, 1990; Lockwood et al., 1995] ? With appropriate time resolution such system level questions could be addressed through global imaging.
The fourth X-ray image (Figure 2h ) presents the magnetosphere an hour later with an extremely strong southward IMF component (B z = À59 nT). The magnetopause is extremely compressed, and both cusps are visible in soft X-rays. The northern cusp has moved farther equatorward and broadened in latitudinal extent from the previous image. Under such periods of strong solar wind driving, there is evidence that the magnetosphere may saturate and exhibit a diminishing response to increasing solar wind driving. A number of physical models have been proposed to explain how the magnetosphere and shape of the magnetopause may be changing to impede the response [e.g., Siscoe et al., 2004; Merkin et al., 2005; Raeder and Lu, 2005] . Unfortunately, the limited number of spacecraft magnetopause crossings during times of extreme driving is not sufficient to provide resolution. Global images would reveal additional physics not captured in the single fluid MHD used in simulating Figure 2h . Such information would provide the basis to accurately compare current theories.
Knowledge of the shape and position of the magnetopause and cusps provides a window into solar windmagnetosphere coupling and the evolution of the magnetosphere's internal response to a geomagnetic storm. Simulated images presented here show the possible use of soft X-rays to monitor the magnetosphere and address system level questions. This tool could be used to study a variety of processes. Other modeling efforts have suggested transient phenomena such as flux transfer events, and Kelvin-Helmholtz waves may also be observable through soft X-ray imaging [Sun et al., 2015] .
Wide Field-of-View X-Ray Imaging
The focus is now turned to the current state of X-ray imaging technology which could be used to generate wide field-of-view images of the X-rays described above. For applications described in this paper, wide field of view refers to a field of view of several degrees up to tens of degrees. A number of instruments have been developed to image in the X-ray band for solar as well as astrophysical applications. The majority of these instruments have been designed around Wolter I type grazing incidence optics [Wolter, 1952; Aschenbach, 1985] (e.g., Suzaku, ROSAT, Chandra, and XMM-Newton). These systems generally consist of two sets of nested shells with paraboloid and hyperboloid surfaces. The typical angular resolution of these systems (~30 arc sec) is easily sufficient to resolve magnetospheric structures that may be imaged by a near-Earth observer. A consequence of the small critical angle required for reflectance (<~1°) is that the theoretical field of view of such mirror systems is at most~2°in radius. For wide field-of-view targets such as the terrestrial magnetosphere, where the area of interest is on the order of 10°for an observer even 40 R E away, a Wolter type I optics system would have to consist of multiple modules to meet the field-of-view requirements.
An alternative approach for wide field-of-view imaging is to use micropore optics. Also known as "lobster eye" optics, the square-hole slumped micropore reflectors provide a low-mass alternative. In these optical elements photons pass through an array of micropore reflecting surfaces that are orthogonal to the curvature of the surface. Square pores provide an array of channels that approximates a Kirkpatrick/Baez system [Kirkpatrick and Baez, 1948] but in a small area, increasing the reflecting surface visible to the source. The micropore reflector system offers a superior field of view per mass to conventional Wolter I optics. For an experiment where the viewing target is several or tens of degrees in size, the low-mass characteristics of micropore optics is favorable for space-based observing platforms.
One example of a lobster eye soft X-ray instrument is the Sheath Transport Observer for the Redistribution of Mass (STORM) [Collier et al., 2015] . STORM flew as a piggyback payload on the Diffuse X-ray emission from the Journal of Geophysical Research: Space Physics
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Local galaxy (DXL) sounding rocket which launched from White Sands Missile Range in December 2012 [Galeazzi et al., 2014] . A schematic diagram of this instrument used for soft X-ray imaging is given in Figure 3 . The optics holder could accommodate nine 4 cm × 4 cm slumped micropore optical elements, although only two were populated for the flight. Each optical element was a slumped glass panel with an array of square channels (or pores). The elements were developed by Leicester University in collaboration with the Photonis Corporation. Figure 4a presents an image of the micropore elements and the full STORM instrument (Figure 4b ). Similar micropore reflectors will be used on BepiColombo as part of the Mercury Imaging X-ray Spectrometer (MIXS) [Fraser et al., 2010] . The lobster eye optical system has also been suggested for use in several large-scale wide field-of-view X-ray imaging missions to the Earth's magnetosphere [e.g., Collier et al., 2012; Branduardi-Raymont et al., 2012] .
The STORM experiment included filters mounted on top of the micropore optics to reject out of band photons. A 2179 Å polyimide layer provided UV suppression while a 307 Å aluminum layer provided visible suppression. In addition to blocking light, particle beam testing showed that the filters served to suppress charged energetic particle flux (50-300 keV) by a factor of 10 3 . At lower energies (10 keV), the filter provided an additional factor of 10 2 suppression. Since the microchannel plate (MCP) detector used on STORM is sensitive to charged particles, this suppression is a valuable contribution. Space-based X-ray instruments also commonly include sweeping magnetics at the instrument's aperture to deflect electrons and prevent them from striking the detector.
DXL/STORM flew on a sounding rocket in December 2012, providing a successful proof of concept. Fully populated with optical elements, the instrument would have had a 9.2°× 9.2°field of view. This is similar to what would be needed to image the full dayside magnetopause from radial distances of~20-30 R E . As flown with just two facets the instrument had a field of view of~6°× 3°. The instrument had a 37.5 cm focal length. As the rocket rolled during flight, STORM's field of view swept out an annulus in the sky. The rocket Figure 3 . Schematic diagram of a wide field-of-view soft X-ray imaging camera. Photons are emitted from charge exchange (left), focused through the curved optical elements, and then measured at the detector plane (right). The image of the optical elements shown in the figure is from the STORM instrument [Collier et al., 2012] . The BATSRUS MHD model [Powell et al., 1999; Tóth et al., 2005 Tóth et al., , 2012 
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was on the nightside of the Earth, and the field of view pointed dawnward toward the flank magnetosheath. STORM observed counts well above backgrounds [Collier et al., 2015] . Collier et al. [2015] compared the measured counts as the rocket rolled through a single field of view on two occasions and found similar response, confirming the function of the instrument. The measured counts of background point sources were in line with the soft X-ray background.
Conclusion
Soft X-ray imaging can be used to study a variety of plasma processes including terrestrial solar windmagnetosphere coupling. Modeling of soft X-ray emissions from charge exchange between high charge state solar wind ions and the Earth's exosphere shows an observable, dynamic, and continuously present signal. Current and developing wide field-of-view (several to tens of degrees) soft X-ray imagers have the capability to identify the position and motion of magnetospheric boundaries such as the magnetopause, the bow shock, and the cusps, which can be used to study a number of magnetospheric processes. One such imager, the Sheath Transport Observer for the Redistribution of Mass (STORM), is described in detail including the slumped micropore reflectors and recent flight results.
